Nanophotonic structures are routinely used to enhance light matter interactions by modifying the density of virtual photon states. This is often simplified to a scalar quantity, the local density of states (LDOS). However we show that the virtual photons also contain phase information. We show that the phase information of an emitter interacting with a modified density of virtual photon states has a non-trivial, non-intuitive behaviour. This extra phase information is vital in practical design of integrated quantum photonic circuits. We consider a quantum dot (QD) electron spin transition in a photonic crystal waveguide (PhCWG). The mode of a PhCWG is complex with local polarization variation across the crystal lattice. By placing the QD at a polarization singularity in the photonic mode, we show unidirectional emission, with a one-to-one correlation of spin orientation to path. We show a range of new functionalities suited to integrated photonic circuits, including spin-photon interfaces and photonic cluster state generation.
tum photonic chip then a promising platform is photonic crystal waveguides and cavities [6] . A QD embedded in a PhCWG has already been recognised as an excellent single photon source [2, 8, 19] where highly efficient coupling between a QD exciton transition and the PhCWG has been demonstrated [10] . This is because PhCWGs are approximately "one dimensional" where all the energy from the emitter couples to waveguide. The natural consequence of this is that simple "one dimensional atom" models [12, 16] may be applied to a PhCWG. In this paper we consider the coupling of the polarised spin-dependent transitions of a QD trion to a PhCWG. We show that there is a complex interplay between the polarization structure of the PhCWGs mode, the QD spatial location and its spin state, leading to different functionalities that are not predicted by a schematic one-dimensional atom model. This leads to surprising results, with different QD spatial locations enabling different quantum devices in the same waveguide.
A two dimensional photonic crystal is formed from a slab of dielectric containing periodically spaced air-holes which modulate the refractive index, giving rise to a photonic bandgap. In plane confinement is provided due to the photonic bandgap, which dramatically reduces the local density of states (LDOS) of optical modes, relative to bulk material, into which a dipole can emit [8] . If a line defect consisting of a line of missing holes is incorporated a waveguide is formed (see Fig.1 .a.). The propagation of light along the waveguide supports slow light modes [13] , which increase the LDOS in the waveguide region. As a result the only available modes for dipole emission are into this region thus forming a one-dimensional "wire-like" waveguide structure [14] . In contrast, in a standard waveguide the bulk LDOS is not significantly modified, and light scattered from the emitter is likely to be emitted into leaky modes.
Another significant difference between a standard planar waveguide (WG) and a PhCWG is the polarization state of the light propagating inside the structure. A standard WG supports a TE mode which is constant along the length of the WG. However, as Fig.1 shows, the PhCWG supports bound Bloch modes with significant components of both E x ( Fig.1.b) , and E y ( , and g shows the angle of the ellipse α.
lipse, as shown in Fig.1 .e. A plot of the where helicity (ratio of the major(v) and minor (u) axis) is shown in Fig1(f), while the ellipse orientation, α, is shown in Fig1.g. α varies across the WG and there are clearly points where the angle α is undefined (u = ±v). These correspond to points where the polarization is locally circular (C-point) [15] , i.e. the field orientation rotates by 2π in one period. Between each C-point are L-lines where the polarization is linear and non-rotating. We name all other points E-points, or elliptical points where the field has both helicity and linear polarization components [15] . It is clear that the polarization of the mode is intricate, with an arbitrary point in the PhCWG (r 0 ) showing an arbitrary local electric field polarization e k (r 0 ) = α|x + e iφ β|y . Dipole emitters placed at this point in the PCWG will couple to virtual photons in state e k (r 0 ) for the forwards propagating mode. These virtual photons contain phase information. This phase information is crucial as the backwards propagating mode is the complex conjugate, and dipoles couple to virtual photons in the state e * k (r 0 ) = α|x + e −iφ β|y . These staes may be represented as a point on the surface of a Poincaré-like sphere as shown in Fig.2 .a.
The QDs themselves are modelled as point-like emitters.
FIG. 2:
a Schematic of the Poincaré sphere which represents the polarization of light at a point in the PhCWG mode. We have marked some arbitrary vector represented by e k (r0) which represents the polarization at an arbitrary QD spin location (r0) in the forwards propagating mode whereas e * k (r0) is the polarization of the backwards propagating mode. b The corresponding mapping to the Bloch sphere for a QD spin where vectors µ f , µ b represent dipoles that couple to the forwards/backwards propagating modes of the PhCWG and the corresponding orthogonal states µ f ⊥ , µ b⊥ are dark. It is clear from this mapping that the only points where the local field at r0 is orthogonal for the forwards and backwards propagating modes is at a point on the poincaré sphere where the polarization is circular i.e. the complex conjugate of the forwards propagating field is also the orthogonal state. c. FDTD simulation of a right circularly polarized (σ+) dipole (QD spin up transition) coupled to a C-point of a photonic crystal waveguide (marked with cross). The light propagates in the forwards direction along the waveguide. d. A corresponding left circularly (σ−) polarized dipole (spin down transition) where emission propagates in the backwards direction along the waveguide.
QDs negatively doped with a resident electron spin undergo strict selection rules that couple to σ + circularly polarized light for spin up and σ − light for spin down (see SOM). The QD emitter is dipole-like and thus these spin transitions may be modelled as superpositions of orthogonal dipoles aligned along x and y, i.e. µ = α|µ x + e iφ β|µ y . In bulk or simple dielectric structures, the coupling strength of the emitter is calculated by evaluating the scalar product of |µ.E(r)|/|µ||E max |, with the available local density of states (LDOS) proportional to |E max | 2 . However, the LDOS does not contain the full phase information present in the virtual photon states. This necessitates a departure from this simple model and use of a Greens function analysis [2, 6, 7] (see SOM), the results of which we de-scribe in the main text.
We find that for either the forward or backward propagating WG mode, each point corresponds to a polarization ellipse to which a chosen dipole superposition, µ f will couple maximally, where µ f represents a dipole orientation that is aligned with the available virtual photons in the forward propagating mode e k (r 0 ), and µ b , represents a dipole aligned with the available virtual photons in the backwards propagating mode e * k (r 0 ). We are now able to define a set of orthogonal dipole states µ f ⊥ , µ b⊥ that are anti-aligned (or dark) for the forwards and backwards modes respectively.
We first consider a specific point in the PhCWG where the field is circular (C-Point) where α = β = 1, and φ = π/2. Here we find µ f = µ b⊥ = |σ + and µ f ⊥ = µ b = |σ − , where |σ + (|σ − ) represent right (left) circularly polarised dipoles; i.e a right circular dipole will not couple to the backwards propagating mode, but will couple with maximum efficiency to the forwards propagating mode. Similarly a left circular dipole will only couple to the backwards propagating mode at that C-point.
The result is that at the C-point, there is a one-to-one correspondence between spin orientation and emission direction. In Fig.2 .c. we consider an | ↑ (|σ + circular dipole) located at the C-point and in Fig.2 .d. the spin is oriented | ↓ (|σ − circular dipole). The FDTD simulations show a unidirectional emission, dependent on spin orientation, with an analytical Greens function analysis (SOM) demonstrating 100% unidirectionality. This striking result might first appear to violate reciprocity, i.e. that one should not be able to distinguish light propagation direction. However, in taking account of phase built into the system, one is able to break symmetry and allow unidirectional emission. Recent work has shown partial spin path correlations in other structures [3, 4] , here for the first time we show how to precisely engineer these correlations.
Spin-path entanglement is also a natural consequence of this analysis. If a | ↑ dipole emits in the forward direction and exits the device in the state |R out , and a | ↓ dipole emits in the backwards direction in the state |L out , an equal superposition of up and down results in the output state:
This is an entangled state of photon path and spin orientation. By allowing the spin to emit several photons in a row, large entangled photon states may easily be built up, useful for quantum metrology or one way quantum communication using the cluster state model [8, 21] . The device may therefore operate as an (optically out of plane, or electrically) pumped source of entangled photons when the QD spin is located at the C-point. The C-point in a PhCWG is the only place in the WG where a QD spin may be used as a polarization/path entangled photon source, due to the perfect correlation of spin with path. Such a device could never be predicted using a simple linear-dipole and LDOS approach.
As well as deterministic entangled photon sources, deterministic quantum gates would be a crucial component for scalable quantum devices. We now explore implications of considering polarization in PhCWGs when designing quantum circuits. A PhCWG can be considered as a one dimensional waveguide as a result of lateral confinement by the photonic bandgap: photons are only scattered either forwards and backwards in the waveguide itself. It is predicted that for a dipole aligned to the linear field of the waveguide mode, a narrow bandwidth photon input into the waveguide on resonance with the QD leads to a perfect reflection back along the waveguide [5] . This is illustrated in Fig.3 .b. where we consider a linear dipole situated on an L-line and aligned to match the available linear virtual photon states. The transmission and reflection probability for a photon input from the left (|L in ), detuned spectrally by ∆f from the dipole transition is plotted (marked by square in Fig.3 .a.). The dipole induces a perfect reflection (|r| 2 = 1, |t| 2 = 0) at ∆f = 0. One observes a dipole-induced-transparency identical to that in a cavitywaveguide architecture [16] . The Dipole induced transparency window in Fig.3 .b. has a width of 3.75GHz this compares favourably with drop filter cavity designs [16] , where the transparency window has a width of 16 GHz, and with further optimisations it is not unreasonable to expect the transparancy window to become even wider (see SOM). Also it is worth noting that, since along L-lines virtual photons have no internal phase, we find the local field at the QD location (r 0 ) is the same in both forwards and backwards propagating directions (e k (r 0 ) = e * k (r 0 )). This allows one to encode photons via their path and realise a fully deterministic spin photon interface (see SOM).
At first glance, one might assume that for a QD at an arbitrary E-point one cannot achieve dipole-induced transparency as the local polarization is not linear, and two field components exist. Aligning the dipole along any linear direction would neither show perfect alignment to the input field, nor can one achieve a dark state. Thus the visibility of the transparency window is reduced and its width narrowed. However, as we have seen, QD trion transitions with aligned spins are not simple linear dipoles but are superpositons. We have already demonstrated that careful choice of dipole superposition to match the local complex field, E = α|E x + e iφ β|E y , results in a bright dipole µ f = α|µ x + e iφ β|µ y that couples maximally, and an orthogonal dark dipole µ f ⊥ = α|µ y + e −iφ β|µ x (see SOM for Green function analysis). Thus we are able to implement the same dipole-induced transparency scheme for almost any QD position (QD coupling will be nil if placed at a node). This is highlighted in Fig.3 .c. where an arbitrary point in the PhCWG is chosen (marked with triangle in Fig.3 .a.) with a polarization ellipse shown in (Fig.1.e.) .
If the QD spin is placed into an arbitrary position within . Our chosen point of linear Ey polarization is marked with a square, an chosen arbitrary elliptical point is marked with a triangle and a C-point is marked with a circle. Plots of reflection/transmission versus detuning of the input field (via |L in) from the dipole transition for: b a QD spin at an Ey polarised point on an L-line, c at and arbitrary point, d at a C-point. In all cases when the dipole is aligned with the field a reflection back along the waveguide into |L out is apparent, where as if the dipole is in the orthogonal state the waveguide appears as empty and there is unit transmission and zero reflection. In all cases we have assumed a QD oscillator strength f ∼ 10. The width of the features or transparency window is given by the modified spontaneous emission rate i.e. the Purcell factor at each point which can be seen in a.
the WG, one may effectively produce a dipole in the bright state, µ f , by initialising the spin into state (α + e iφ β)| ↑ + (α − e iφ β)| ↓ (for the dark state, µ f ⊥ , the spin should be initialised in the orthogonal state). One may now prepare the spin in a quantum superposition state (|µ f +|µ f ⊥ ) and input light in the state |L in , resulting in output state:
This is an entangled state of photon and spin. As before, the entanglement scheme may be extended by inputting successive single photon pulses into |L in to build up a linear cluster state [8, 21] . Inserting this spin-entangling element within an integrated circuit would allow an all-in-plane, deterministic entangling device, where QD site control is not required.
In conclusion we have demonstrated, using a rigorous Greens function method, that the LDOS in complex nanophotonic structures such as PhCWGs has important phase information that must not be neglected. We demonstrate the importance of this by considering a QD spin emitter in a PhCWG, and show that one may control the direction of photon emission by controlling the spin orientation. Entangled photon sources may be generated at a C-point polarization singularity whilst at an L-line singularity one may implement a fully deterministic spin-photon interface, all with > 98% efficiency. Most importantly, we provide for the first time a practical design for a QD-nanophotonic system that does not require large Q-factors or control over QD position to generate large (> 100) entangled photon states. This device is well within the capabilities of the present state-of-the-art in QD-photonic crystal fabrication. 
Appendix A: Simulations of eigenmodes of PhCWG structures
Waveguide modes were found using an eigenvalue solver [1] for two structures. The first is a standard W1 waveguide with a slab thickness of 0.56a and hole radius of 0.34a. The second is an optimised structure also has the same slab thickness and hole radius, however in this case the first row of holes were moved outwards by 0.05a and the second row of holes were moved inwards by 0.08a. Both simulations were run at a resolution of (1/32)a. In order to optimise the design a variety of structures were simulated to find maximum achievable Purcell factor (see below) at a C-point. The result was that some devices outperformed a standard W1 waveguide design and a suitable design was chosen where the operating wavelength was well below the band edge. This process of optimising the PhCWG is an ongoing task and it is likely that the current optimised structure we use in Fig.3 . of this paper is not the definitively best structure.
Appendix B: Energy level structure of negatively charged exciton
The energy level diagram of a negatively charged QD (X − ) is shown in Fig.4 The selection rules require conservation of angular momentum, and as a result if the excess electron in the conduction band is the state spin | ↑ (| ↓ ) then only |σ + (|σ − ) can be absorbed/emitted during the transition to/from the excited trion state. Hence a spin up (| ↑ ) electron spin on the Bloch sphere will map onto a |σ + photon on the Poincaré sphere. Similarly spin | ↓ maps onto |σ − , | ↑ + | ↓ maps onto |x and | ↑ − | ↓ maps onto |y . This gives us the mapping between the Poincaré sphere of the photon state and the Bloch sphere of the spin state that is found in Fig.2 in the main body of the paper. NOte that this direct mapping is only correct in an optically homogenous medium.
Appendix C: Dipole coupling to simulated waveguide modes
To optimally couple an optical emitter to the waveguide one should pay close attention to the local polarisation at the dipole location. The electric field at any arbitrary point in the waveguide has a local polarisation polarisation e k (r 0 ) = α|x + e iφ β|y . The coupling between the dipole and the mode of the waveguide is proportional to the Greens function [2] :
where a is the lattice constant, v g is the group velocity, Θ is the Heaviside step function, x 0 is the x coordinate of the dipole, and e k (r) is the propagating mode for wavenumber k which is normalised according to:
where ǫ(r) is the dielectric function. The first term in Eq. C1 represents coupling to the forwards propagating mode and the second to the backwards propagating mode. At the location of the dipole r = r 0 we can now see that coupling to the forwards (backwards) propagating mode is proportional to G f = e k (r 0 ) ⊗ e * k (r 0 ) (G b = e * k (r 0 ) ⊗ e k (r 0 )). Thus for an arbitrary electric field:
where the 1 α 2 +β 2 normalisation factor on G f and G b is omitted for clarity. If an optical dipole is now placed in the PhCWG then in order for the coupling to be maximum the polarisation of the dipole must be aligned with the local polarisation at the dipole location in the PhCWG. For a local field which is a superposition of E x and E y with a phase φ, an equivelent dipole superposition consisting of two orthogonal dipoles with arbitrary phase is necessary. The coupling between this complex dipole (|µ ) and the field in the waveguide is proportional µ|G|µ . It is now possible to define a dipole moment µ f that will couple maximally to G f , whilst the orthogonal state µ f ⊥ will not couple. Similarly we can define a µ b that will couple to G b whilst the orthogonal state µ b⊥ will not.
It is now straightforward to show that µ f |G f |µ f = 1, whilst for the orthogonal dipole state µ f ⊥ |G f |µ f ⊥ = 0. The result here is that a dipole with the polarisation µ f will couple with unit efficiency to the forward propagating mode of the PhCWG, whilst the orthogonal state µ f ⊥ not couple. A similar situation occurs for the backwards propagating mode where µ b |G b |µ b = 1, and µ b⊥ |G b |µ b⊥ = 0.
It is clear from this analysis that the coupling between the dipole and the spin is strongly dependant on the polarization of both the local field in the PhCWG and the dipole itself. It is also clear that the local polarisation experienced by the dipole depends on the direction of propagation of the light in the PhCWG mode. If the local field is linearly polarised the phase term e ±iφ = 1 and G f = G b , i.e the coupling between the field and dipole is independent of the direction of propagation of the light, and thus µ f = µ b , and µ f ⊥ = µ b⊥ . Points of linear polarisation, found along L-lines in the PhCWG mode, have equal coupling to dipoles in both the forwards and backwards propagating directions. As we will show this allows one to encode photons into path superpositions, as well as implement a spin-photon interface. As soon as the emitter is moved away from an L-line to a point where the local polarisation is elliptical we find that G f = G b as a result µ f = µ b , and µ f ⊥ = µ b⊥ . This means that the device no longer behaves symmetrically in the forwards and backwards propagating directions, leading to a more complicated relationship between the coupling direction and dipole orientation. This is a result of the phase that has now been introduced, which gives elliptical polarisations where the handedness on the ellipse reverses when switching propagation direction. However if we now consider photons input from the left hand side of the waveguide, we need only need to consider how the photon couples to the forwards propagating mode. As we see in the main body of the text this allows generation of entanglement via a dipole induced transparency. The C-point is a special point. Here the local E-field polarisation is circular. Once again, the phase of the local field leads to a change in the handedness in the forwards and backwards directions. For circularly polarised light this corresponds to a local right and left circular polarisation. Hence at the C-point G f is orthogonal to G b , meaning µ f = µ b⊥ , and µ f ⊥ = µ b . This means that a right circularly polarised dipole always couples to the forwards propagating mode, while a left circular dipole always couples to the backwards propagating mode. These C-points are the only points in the PhCWG mode where this is the case. We exploit this fact to propose an entangled photon source in the main body of the text. Some asymmetry effects were reported previously for a dipole close to a WG [3] and in a cross-shaped WG [4] . Our rigorous analytical results shows that the effect may be precisely engineered to give perfect correlation. 
Appendix D: Dipole induced transparancy
In order to investigate the dipole induced transparency, we model how the emitter within the waveguide perturbs the propagating mode, and calculate the outputs at either end of the waveguide (â out L ,â out R ) when we input photons from the left (â in L ) (for illustration see Fig.5 ). This can be done by using a real space Dickie Hamilitonian as in [5] . However, we will consider a Green's function analysis following [2, 6, 7] . This will allow us to explicitly consider the local fields calculated via simulations of our PhCWG which calculate the transmission/reflection as a result dipole coupling. In this spirit we may describe this in a formal manner as a scattering process:
where E(r, ω) is the output field operator after scattering, E 0 (r, ω) is the electric field operator when no dipole scatterer is present in the PhCWG, and E scat (r, ω) is the field operator for the scattered field. Considering photons input from the left hand side of the waveguide and projecting the equation onto the forwards propagating mode we find the expression for the transmitted field amplitude; t =â out R /â in L , which represents the probability amplitude of finding a single photon in the state |R out , and the reflected field amplitude r =â out L /â in L , which represents the probability amplitude of finding a single photon in the state |L out .
Considering photons input from the left hand side of the waveguide and projecting the equation onto the forwards propagating mode we find an expression for the transmitted/reflected field amplitude [7] :
where G(r, r 0 ) is the Greens function as in Eq.C1, and T(ω) is the scattering matrix given by T (ω) = T (ω)µ ⊗ µ and T (ω) is a scalar quantity given by:
is the optical potential produced by the dipole at frequency ω d located at r 0 given by:
We can now consider the case of a QD spin at an arbitrary position in the waveguide with an arbitrary field E 0 = α|x + e iφ β|y . Photons are input from the left (|L in ) and allowed to propagate in the forwards direction along the waveguide. As before, if the dipole has the polarisation µ f ⊥ then no light will be able to couple to the dipole and will hence be transmitted into |R out . If the dipole is in the orthogonal state µ f , it will couple maximally, resulting in reflection and light propagation in the backwards direction to |L out . Using Eq.6. and Eq.7. it is possible to numerically integrate over ω to find the reflection/transmission plots in Fig.3 . in the main paper.
If a QD spin is now placed into the PhCWG, and prepared in a quantum superposition state |µ f + |µ f ⊥ and input light in the state |L in , then the output state will become:
This is an entangled state of photon and spin. This entanglement process may be extended by inputting successive single photon pulses in the state |L in to build up a linear cluster state [8] or large entangled states useful for quantum metrology. The implication here is that as long as the correct quantum state can be initialised the QD may have an arbitrary spatial location inside the PhCWG and still be used to generate entangled states. Combining this relaxing of location requirements with the broadband nature of the PhCWG, results in greatly reduced engineering requirements for a useful device. Both QD location and wavelength have a great deal of flexibility, unparalleled in any other photonic structure, such as a cavity [9] .
Whereas measurement the spin in the state |y projects the photon onto:
hence the state of the spin is transferred onto the photon up to some known local rotation. This capability to read instore -readout, means that the device would work as a memory limited by the spin coherence time. It may also be used as a method of entanglement swapping for long range quantum communication protocols. The usefulness of a spin-photoninterface, i.e. a system where arbitrary qubit states can be exchanged between photon and spin, has been extensively studied elsewhere [10] [11] [12] [13] [14] [15] [16] [17] and we will not re-examine all applications here. However almost any QI scheme may be implemented with the deterministic spin-photon interface by locating a QD spin at a point on an L-line in a PhCWG. It is worth pointing out that the only place inside the PhCWG that a QD spin-photon interface may be realised is on an L-line, where the polarisation is linear. At an arbitrary point we find G f = G b and the device does not behave symmetrically in forwards and backwards propagating modes. Thus encoding the photonic quantum state into forwards and backwards propagating modes is not possible. At the C-point where the polarisation is circular, G f = G * b , and the device couples to orthogonal dipole states in the forwards and backwards propagating directions. The result is that, regardless of photon input direction, the output is always forwards if the spin is up and backwards if the spin is down. The device functions as a single photon diode or faraday isolator [18] , where photonic states cannot be transferred onto the spin. In the table below we summarise the device functions that are enabled at various spatial locations inside the PCWG. The final consideration for a practical device is the fidelity, speed of operation, and efficiency. The fidelity of any entangled state produced is limited only by the accuracy of initialisation of the spin, which can be high, and the coherence time which has been shown to reach µs [20, 21] . This further highlights the need to carefully consider the local polarisation in the PhCWG for both forward and backwards propagating modes, along with the polarisation of the dipole.
The speed of our devices is given by the rates at which one can generate and swap entanglement between photon and spin, and will depend on the Purcell factor (F p ). Fig.6 shows a map of the Purcell factor for two waveguide devices, a standard W1 waveguide and an optimised structure as in Fig.3 .a. in the main paper. Purcell factors were calculated using [19] :
where a is the lattice constant, ω d is the dipole frequency, and gives the ratio of emission rate in the medium versus in bulk material with dielectric constant ǫ. The Purcell factor governs both the rate of emission of the entangled photon source and . We have added a black contour for Fp = 5 for illustrative purposes. A point on an L-line is marked with a square, a chosen arbitrary E-point where the polarisation is elliptical is marked with a triangle, and the C-point is marked with a circle. The area with Fp > 5 near the centre of the PhCWG is smaller for the modified structure due to the electric field being more evenly distributed. As a result we find the Purcell factor at the C-point has increased to Fp = 7.3 in the modified structure up from Fp = 3.6 in the W1 PhCWG.
also the width of the transparency (DIT) windows for photons input in the plane of the device. It is clear from the Purcell factor maps that the optimised structure has a higher achievable Purcell factor. The maximum located at a point of linear polarisation has increased from F p = 14.4, for a standard W1, to F p = 17.2 in the optimised structure. More significantly, since the structure was optimised for high Purcell factor at a C-point, we find that the maximum achievable Purcell factor has more than doubled from F p = 3.6 for a standard W1 waveguide up to F p = 7.3 in our optimised structure. The Purcell factor is increased due to the perturbations provided by moving the lines of holes adjacent to the PhCWG, which changes the spatial distribution of the eigenmodes. This in turn also changes the locations of C-points. In a standard W1 PhCWG the obvious way to increase the Purcell factor is to move to k values closer to the band-edge, which would allow operation in a slower light regime. However we use a group velocity v g = c/88, which is less than the minimum. This is because as we move towards the band-edge and slow the light the C-point moves closer to the node in the field located just above the circle in Fig.6 .a. Since the Purcell factor scales linearly with v g , and with the square of the field, the result is a lower Purcell factor. However for the optimised structure in Fig.6 .b. the spatial distribution of the mode allows operation at slower v g , whilst still being in a region far from a node in the E-field. In the optimised structure the wavenumber k = 0.39 and group velocity v g = c/135. The Purcell factor at the E y polarised point of the L-line is F p = 17.2, whilst at the chosen arbitrary point it is F p = 8, and at the C-point F p = 7.2. As a result the entangled photon source may produce photons at a rate of 1.6GHz (assuming QD oscillator strength f ∼ 10). Our dipole-induced transparency window has a width that varies with the field intensity in the PhCWG from 1.6GHz to 3.75GHz depending on the QD emitter locations chosen here. The transparency window here compares favourably with drop filter cavity designs [16] , where the transparency window has a width of 16 GHz, particularly if the structure is optimised for coupling at a point on an L-line where one could reasonably expect an F p > 30, leading to a transparency window of > 7GHz. Using a QD spin in a PhCWG one would be able to entangle photons (either using DIT or an entangled source) at ∼ 1GHz rate. With a QD spin coherence time of 1µs [20, 21] , an N > 100 entangled photon state may be generated.
Finally the efficiency of our devices depends on losses. Out-of-plane and backscattering losses inherent to propagating in the slow light mode of a PhCWG are present, but these can be kept to a minimum (<2%) as devices need only be 5 − 20µm long. Losses also depend on the rate of spontaneous emission into the waveguide (Γ W G ) mode compared to non waveguide modes (Γ N W G ) which is given by:
Since Γ W G and Γ N W G are position dependant it is difficult to give a general expression for this value. Therefore the β factor was calculated using FDTD simulations [22] for dipoles at each chosen point in our structure in Fig.6 . The power
